Regional investigations of newborn MRI are important to understand the appearance and consequences of early brain injury. Previously, regionalization in neonates has been achieved with a Talairach parcellation, using internal landmarks of the brain. Non-synostotic dolichocephaly defines a bi-temporal narrowing of the preterm infant's head caused by pressure on the immature skull. The impact of dolichocephaly on brain shape and regional brain shift, which may compromise the validity of the parcellation scheme, has not yet been investigated. Twenty-four preterm and 20 fullterm infants were scanned at term equivalent. Skull shapes were investigated by cephalometric measurements and population registration. Brain tissue volumes were calculated to rule out brain injury underlying skull shape differences. The position of Talairach landmarks was evaluated. Cortical structures were segmented to determine a positional shift between both groups. The preterm group displayed dolichocephalic head shapes and had similar brain volumes compared to the mesocephalic fullterm group. In preterm infants, Talairach landmarks were consistently positioned relative to each other and to the skull base, but were displaced with regard to the calvarium. The frontal and superior region was enlarged; central and temporal gyri and sulci were shifted comparing preterm and fullterm infants. We found that, in healthy preterm infants, dolichocephaly led to a shift of cortical structures, but did not influence deep brain structures. We concluded that the validity of a Talairach parcellation scheme is compromised and may lead to a miscalculation of regional brain volumes and inconsistent parcel contents when comparing infant populations with divergent head shapes.
Introduction
Head circumference and skull shape are parameters that are used to examine brain and skull development in infants (Amin et al., 1997; Gutbrod et al., 2000) . As the growing brain influences the growth and expansion of the skull, arrested or delayed brain growth leads to decreased head circumference (Hack et al., 1991; Bartholomeusz et al., 2002) . In this case, the head circumference represents the size of the skull as an indirect measure of brain volume and growth. Since magnetic resonance imaging (MRI) became widely available, imaging of newborns has been used to assess brain volumes directly by means of tissue segmentation (Huppi et al., 1998) . Information about the volume of certain brain tissues is used to draw conclusions about delayed brain development or brain injury (Toft et al., 1995; Inder, 1999 #32; Tolsa et al., 2004; Inder, 2005 #33) .
Recently, there has been increasing effort to apply parcellation schemes in connection with tissue segmentation to allow regional investigation of brain tissue volumes in newborns Sowell et al., 2003) . It appears that different perinatal factors directly or indirectly affect brain development in a regional manner (Kesler et al., 2004; Limperopoulos et al., 2005) . Thus, a regional investigation of the newborn brain allows such insights. To date, in the investigation of newborns and especially preterm infants, regional investigation has concentrated on the application of a parcellation scheme in which planes set along landmarks defined by Talairach and Tournoux (1988) are used to partition the brain. This scheme relays on the identification of three landmarks, the anterior and posterior commissure and the genu of the corpus callosum Mewes et al., 2006) . Imaging of newborns in general suffers from low image resolution, motion artifacts and low contrast intrinsic to the developing brain. In addition, gyral landmarks, which are being used to parcellate the adult brain (Meyer et al., 1999; Fischl et al., 2004; Makris et al., 2006) , evolve and change rapidly during cortical development in the newborn period and thus posing additional challenges. This makes it difficult to identify congruent brain regions in newborn subjects by cortical parcellation. In contrast, the structural formation of the corpus callosum (CC) and adjacent commissures is complete by about 20 weeks of gestation, and they appear well defined in their position and shape on newborn MRI. Thus they can be reliably identified in MRI of preterm infants as landmarks for a Talairach parcellation scheme (Rakic and Yakovlev, 1968; Silver et al., 1982; Katz et al., 1983) .
After birth the configuration of the neonate's head changes. Besides significant deviation from the norm indicating serious clinical conditions such as premature closure of the skull sutures (Huang et al., 1998) or hydrocephalus, the infants' head in general adjusts to its new environment. External forces compress the skull transmitted from the padding the infant rests on. This procedure affects the head shape of term and preterm infants similarly, but to a different extent (Largo and Duc, 1978) . The resulting shape is correlated to the head and sleep position, which lead to either parietal or occipital flattening of the head (Baum and Searls, 1971; Largo and Duc, 1978; Argenta et al., 1996) . Certain secondary conditions, which are common in preterm infants, promote the effect of the external compression, such as neurological deficits or immaturity, which reduces the muscle tone to spontaneously change head position, lack of full bone mineralization and prolonged time periods in the same position (Cartlidge and Rutter, 1988; Hemingway and Oliver, 2000; Hummel and Fortado, 2005) . As preterm infants are mostly positioned with their heads sideways, often in a fixed position to facilitate respiratory support (Hummel and Fortado, 2005) , their heads frequently show a pronounced elongation and temporal narrowing of the head, called non-synostotic dolichocephaly (NSD) (Cartlidge and Rutter, 1988; Hemingway and Oliver, 2000) . NSD is correlated to the degree of prematurity. It is more pronounced in the preterm infants born less mature and with low or very low birth weight for gestational age (Largo and Duc, 1978; Elliman et al., 1986) . Although studies have investigated preterm infants head shapes and found dolichocephalic head configurations in all study infants (Elliman et al., 1986) , NSD is not inevitable in preterm infants and can be avoided with special care. Water pillows (Marsden, 1980; Schwirian et al., 1986) , air mattresses (Cartlidge and Rutter, 1988) , frequent positional changes and special positioning techniques have been successfully tested (Hummel and Fortado, 2005) , but are not part of the standard intensive care. The impact of NSD on the shape of the brain parenchyma and a possible subsequent shift of the brain tissue has not yet been investigated. In the context of a landmark-based parcellation scheme, a displacement of brain structures subsequent to NSD might introduce a systematic error and influence the reliability of the parcellation method.
In this study, we aimed to investigate whether a dolichocephalic skull shape in a group of preterm infants without brain injury led to a displacement of deep or superficial brain structures in comparison to fullterm infants with mesocephalic skulls. We first evaluated whether internal landmarks as defined by Talairach and Tournoux were consistently positioned between the preterm and fullterm study infants (Talairach and Tournoux, 1988) . Second, we determined whether specific sulci and gyri were consistently positioned with respect to the deep brain landmarks of the Talairach parcellation scheme.
Methods

Subjects
The scans of forty-four infants born at one of three collaborating medical centers were analyzed in this study. Seven preterm and fourteen fullterm infants were inborn patients at the Royal Women's Hospital in Melbourne, Australia; ten preterm and six fullterm infants were born at the Brigham and Women's Hospital, Boston MA, USA; seven preterm infants were born at the Children's Hospital, Geneva, Switzerland.
Infants enrolled in the study were appropriate for gestational age with head circumference and weight between the 10th and 90th percentile at birth, a five-minute Apgar score ≥7. Preterm infants were born between 28 and 33 weeks (w) gestational age. The gestational age at birth was estimated from the first day of the mother's last menstrual period and the fetus's age in early ultrasound. The post-menstrual age (PMA) of the infants at the time of the scan was computed as the gestational age at birth plus the time elapsed since birth (Engle, 2004) . All infants had a normal MRI and cranial ultrasound and required less than 72 h of mechanical ventilation and vasopressor medication. Infants were excluded from the study if they displayed congenital or chromosomal abnormalities, congenital or acquired infections, prenatal brain lesions (e.g. cysts, infarctions) or neonatal seizures. The parents were selected to have no major medical and psychiatric illness, long-term medication treatment (e.g. insulin, antidepressants, anticonvulsants, steroids) and to have no history of substance abuse including tobacco and alcohol. Written informed consent was obtained from all parents prior to enrollment into the study. Permission to scan the infants was granted from the three institutions' Review Boards for Research with Human Subjects.
MRI acquisitions
All MR images were obtained using a 1.5 T MRI system (General Electric Signa, Milwaukee, WI or 1.5 T Marconi Philipps Medical Systems, Andover, MA, USA). Infants were fed 30 min prior to scanning, wrapped in a blanket to avoid arm movement, outfitted with hearing protection, placed on a vacuum pillow and scanned in natural sleep without sedation. Infants were monitored by electrocardiography and pulse oximetry when necessary. Scanning consisted of a high-resolution T1 weighted 3D-Fourier Transform Spoiled Gradient Recalled (SPGR) sequence (0.7 × 0.7 mm coronal slices, 1.5 mm contiguous slice thickness, 18 cm field of view, matrix 256 × 256, repetition and echo times of 40 ms and 4 ms, flip angle = 20°, scanning time 12 min) and a dual echo fast spin echo sequence to acquire T2 weighted and proton density weighted images (0.7 × 0.7 × 3 mm coronal slices, 18 cm field of view, matrix 256 × 256, 3 mm skip interleave, echo train length = 8, 2 acquisitions: repetition time 4000, echo times 160 ms and 80 ms, 1 NEX, scanning time 6 min). Identical imaging study protocols were used at the three institutions participating in the study to ensure comparability of the scans and to eliminate sources of errors introduced by differences in field strength, scan directions and scan resolution (Patwardhan et al., 2001; Gurleyik and Haacke, 2002) . Scanner quality control procedures, including the acquisition of phantom scans, were performed regularly at each site to minimize calibration differences and geometric distortion. In addition, the measurements of the distances between internal structures and the diameters of the skull and the parcellation were tested for statistically significant site dependent differences to identify residual geometric distortion and no such dependency was found.
A pediatric neuro-radiologist reviewed all infants' scans. No infant demonstrated any grade of intraventricular hemorrhage, moderate diffuse or cystic white matter injury or any other focal neuropathology. In addition, a neuro-imaging expert evaluated motion artifacts in each scan and placed the scans in one or two of the following categories: (a) no motion artifacts present; (b) motion artifacts present, but no anatomical ambiguity; (c) motion artifacts and anatomical ambiguity present; (d) the automatic tissue classification, which utilizes the T1 and T2 acquisition simultaneously, showed misclassification due to motion artifacts. The scans of six infants fell into group (c) or (d) and were excluded from further analysis. Another infant had an incomplete scan and was excluded as well. This decreased the initial number of 51 infants to the final 44 subjects, 20 fullterm and 24 preterm infants, whose scans constituted the data considered in this study. At the day of the scan, the preterm infants' PMA was 41.4 ± 1.8 weeks (mean ± standard deviation) and the fullterm infants' PMA was 41.4 ± 1.1 weeks.
Image processing
Distances, angles and surfaces evaluated in this study were measured using 3D Slicer (Gering et al., 2001) . All diameters and distances were measured in millimeter and angles in degree. Sagittal and axial slices were reconstructed from the coronal SPGR image acquisition to ensure accurate alignment and reliable placing of fiducial markers on prominent anatomical landmarks. The identification of cephalometric landmarks (Fig. 1) followed the description given by Swennen et al. (2006) . The SPGR image acquisitions were manually rotated and translated to be in alignment with the Talairach coordinate system (Talairach and Tournoux, 1988) . Midline alignment followed the inter-hemispheric fissure. The anterior and posterior commissure (AC and PC) were identified simultaneously in the coronal and sagittal view. A line through the most posterior point of the superior edge of the AC (landmark A) and the central point of the inferior edge of the PC (landmarks B) was defined as the AC-PC line (Talairach and Tournoux, 1988) . Horizontal alignment was then achieved with regard to the AC-PC line. All landmarks that were identified on a mid-sagittal plane were placed on the first mid-sagittal slice to the right. The same investigator (A.M.) conducted all measurements.
Aim 1: measurement of skull shape
The positions of the landmarks named below are explained in Fig. 1 . The occipito-frontal diameter was defined on the midsagittal slice as the distance between the glabella and the maximum occipital point of the skull (Fig. 1) . The bi-temporal diameter was Fig. 1 . Landmarks, distances, angles and parcellation results. Image A: landmarks used to investigate the shape of the skull and the parenchyma. Landmark A: most posterior point of the superior edge of the AC; landmark B: central point of the inferior edge of the PC; 1: glabella* (most anterior point of the frontal bone); 2: maximum occipital point (most posterior point of the occipital bone); 3: vertex* (highest point of the cranial vault); 4: opisthion* (mid-sagittal point on the posterior margin of the foramen magnum); 5: basion* (mid-sagittal point on the anterior margin of the foramen magnum); 6: most superior point of the dorsum sellae; 7: superior edge of the protuberance occipitalis. Measurements included the occipito-frontal diameter (1 to 2), the vertical calvarial diameter (3 to 4); α: angle of the posterior cranial fossa; β: the clivus angle. Image B: landmarks used to investigate the position and shape of the Talairach landmarks. Landmark C: most anterior inferior point of the genu of the CC projected on the AC-PC line; 8: most anterior point of the genu of the CC (landmark D); 9: highest most anterior point of the body of the CC; 10: inferior tip of the splenium of the corpus callosum (landmark E); 11: the most inferior point of the anterior cranial fossa projected on the mid-sagittal slice. Measurements made included the length of the CC (C to 10); the diameter of the precentral parcel (8 to A), the central parcel (A to B); the distance AC-PC line (through A and B) to 6 to 4 and to 3; as well as the angle measuring the opening of the posterior CC (δ); the CC angle (ε) and the angle of the anterior cranial fossa (γ). Landmarks A-C (bright blue) as defined by Talairach and Tournoux (Talairach and Tournoux, 1988) . Image C shows 3D models of the frontal region (blue) and the superior ICC (yellow), which were significantly enlarged in preterm infants. Also displayed is an axial SPGR slide with the outlined parcellated regions superimposed. * As described in Swennen et al. (2006) . measured in the axial view from the right to the left zygion (the most lateral point of the zygomatic arch). The vertical calvarial diameter was defined on the mid-sagittal slice as the distance from the center point between opisthion and basion to the cranial vertex ( Fig. 1) . The cephalic index was computed as the ratio of the occipito-frontal and bi-temporal diameter in percent. The shape of the brain parenchyma was investigated measuring the largest occipito-frontal diameter on the mid-sagittal slice and the largest bi-temporal in the axial view.
The landmarks positioned on the calvarium were identified at the inner table of the skull for the following reasons. A chemical shift artifact concerning the representation of the subcutaneous and bone marrow fat in the MRI scans was observed. The display of the bone marrow in the images appeared shifted across the outer table of the skull in the frequency encoding direction of the MRI scan. This artifact in conjunction with the thin skull bone in newborns made it impossible to differentiate between the single layers of the skull. In contrast, the inside border between the fatty tissue with high signal intensity and the inner table of the skull with very low signal intensity was well defined in all three axes of the scan to ensure reliable measurements. Another reason to choose the inner skull table for cephalometric measurements is the high variability of the skull, muscle and skin thickness. Historically, anthropometric measurements have been performed on the outside of the skull to estimate the size of the cranial vault (Lee and Pearson, 1901) , although an error was introduced by variable skull thickness between subjects. In infants and children the variability of the skull thickness is especially high due to variations in skull growth, in the development of a continuous dipole and in the onset pneumatization of the frontal skull (Garfin et al., 1986; Wong and Haynes, 1994) . Since it has been possible to perform cephalometry on radiographs, computed tomography or MRI, various methods have been developed and validated (Cotton et al., 2005) that use the inner table of the skull with the goal to achieve a measurement of the intra-cranial cavity unbiased by the variability of the skull thickness (Dekaban and Lieberman, 1964; Cronqvist, 1968; Austin and Gooding, 1971) .
All angular measurements at the skull base were executed on the mid-sagittal slice. The angle of the posterior cranial fossa (angle α, Fig. 1 ) was identified as follows: the vertex was defined as the point above the internal occipital protuberance on the skull, the lower line led to the opisthion, the upper line was defined as a parallel of the AC-PC line. The most superior point of the dorsum sellae defined the vertex of the clivus angle (angle β). One line led from the angle's vertex to the basion and a line parallel to the AC-PC line defined the second line. The angle at the foramen magnum was calculated as 180°minus the sum of the posterior fossa angle and the clivus angle. The angulation of the brainstem was measured with the vertex of the angle placed on the pontomedullary sulcus of the brainstem, one line set parallel to the AC-PC line, the second line was placed from the vertex to the anterior border of the brainstem in the center of the foramen magnum.
In addition to the investigation of head shape characteristics based on the identification of landmarks, a population registration method was applied, which utilizes the inter-image data and searches for global shape differences. The group-wise registration algorithm of our choice searches for a 12-parameter global affine transformation associated with each input volume by minimizing over the sum of voxel-wise entropy measures (Miller, 2002; Zöllei, 2006) . This fully automatic approach establishes the central tendency of the population without choosing any prior template or atlas as a reference and thus results in an unbiased representation for further statistical studies. After the alignment, the resulting alignment matrices were investigated for scaling and shearing differences. Translation and rotation differences were removed before the final analysis as these parameters describe differences in the infants' position in the scanner and were not of importance to our investigation. We hypothesized that differences in the alignment matrices identifying differences in the head shapes between our populations will be related to differences along the scaling axes and the size of the shearing parameter.
Aim 2: comparison of brain tissue volumes derived by automatic tissue classification
Volumes of total cerebral parenchyma (CPAR), total intracranial cavity (ICC), cerebro-spinal fluid (CSF) and five brain tissues (cortical gray matter (CGM), subcortical gray matter (SGM), unmyelinated (UMWM), myelinated (MWM) white matter and cerebellum (CER)) were assessed to rule out brain injury, which might influence the skull size and shape.
The tissue classification method used in this multi-site study accommodated signal intensity variations between scans. During the segmentation process, the decision whether a voxel belonged to a certain brain tissue class was made relative to all intensity values in the scan and the proportionality of their occurrence. Therefore, although the signal intensity variance in T1 and T2 acquisitions that can occur from inter-scanner variability might have impacted absolute intensity values, such a signal variance did not impact the affiliation of a voxel to a certain tissue class (Warfield et al., 2000) . The method has been described elsewhere in detail, validated for newborn MRI (Warfield et al., 2000; Limperopoulos et al., 2005; Mewes et al., 2006) and applied in previous studies (Tolsa et al., 2004; Inder et al., 2005) .
Aim 3: determination of position and size of Talairach landmarks
Several diameters and angles were chosen to investigate whether the AC, PC and the CC are consistently positioned in the two groups. It was investigated whether the distances of the AC, PC and CC to one another or the skull was altered reflecting the overall elongation of the brain. The CC shows a special growth pattern during fetal brain development extending from the front to the back while at the same time changing to a curved shape (Hinrichsen, 1990; Hewitt, 1962; Rakic and Yakovlev, 1968 ). An elongation and narrowing of the brain might have led either to an elongation with a flatter curvature or a wider posterior opening of the CC in the preterm infants compared when to the fullterm infants.
The distance between landmark A and C (the projection of the most anterior inferior point of the CC on the AC-PC line) and the distance between landmark A and B were measured. The length of the CC was determined from the most anterior point of the genu of the CC (landmark D) to the inferior tip of the splenium of the CC (landmark E) (Fig. 1) . Also, two angles describing the shape of the CC were evaluated. An angle quantifying the posterior opening of the CC (angle δ) was defined by landmark D as the vertex of the angle, one line leading through landmark E and the second line running parallel to the AC-PC line. Landmark D also marked the vertex of the CC angle (angle ε), landmark E and the highest most anterior point of the CC body defined the lines (Fig. 1) .
To investigate whether internal landmarks were displaced with regard to the skull base, the distance between the AC-PC line to the most superior point of the dorsum sellae and the distance to the opisthion were measured. In order to investigate oblique displacement, the angle of the anterior cranial fossa (angle γ) was determined with the vertex being the most superior point of the dorsum sellae, one line parallel to AC-PC line through the vertex, and the second line through the most inferior point of the anterior cranial fossa projected on the mid-sagittal slice.
The distances of the internal landmarks to the calvarium were assessed to investigate whether their relation had changed. Measurements included the distance of the AC-PC line to the cranial vertex and, measured along the AC-PC line, the distance of landmark A to the frontal border of the ICC and the distance of landmark B to the occipital border of the ICC (Fig. 1 ).
Aim 4: comparison of parcellation results
Five planes oriented along three landmarks (Talairach and Tournoux, 1988) were placed using 3D Slicer to achieve a parcellation of the ICC. A sagittal plane was placed along the interhemispherical fissure separating the ICC into a left and a right half. A horizontal plane along the AC-PC line divided the ICC into a superior and inferior part (see also Fig. 3 ). Finally, three coronal planes through landmark A, B and C partitioned the ICC into four regions. The frontal region included the frontal ICC to landmark C, the precentral region ranged from landmark C to A, the central from landmark A to B and the occipital region included the posterior part of the brain starting from landmark B. Each region consisted of four parcels resulting from the sagittal and horizontal separation: a superior and an inferior parcel on the left and the right hemisphere. Thus, it was possible to investigate the volumes of the total, superior and inferior ICC, sixteen single parcels as well as four regions after adding up the four parcels that belonged to one region. This parcellation scheme has been previously applied and validated for newborn imaging Mewes et al., 2006) . Volumes and surfaces of the total, superior and inferior ICC and the four regions were evaluated for significant differences between the pre-and fullterm infants.
Aim 5: investigation of the dispersion of cortical structures across parcels borders
The ten preterm and ten fullterm infants with the smallest and the largest cephalic index, respectively, were chosen to investigate whether specific sulci and gyri were consistently positioned with respect to the deep brain landmarks of the Talairach parcellation scheme. All structures were segmented on the right hemisphere.
The central, precentral and superior frontal sulci were segmented in the axial view. The three structures were identified by the superior-frontal-sulcus-precentral-sulcus sign, the Hook sign, the pars bracket sign, the bifid post-central sulcus sign and the midline sulcus sign (Naidich and Brightbill, 2003) . Segmentation started on the most superior axial slice on which the central sulcus could be identified. The sulci were segmented on the slices covering 80% of the parietal lobe measured from the most superior point to the Sylvian fissure. The Sylvian fissure and the superior temporal sulcus were segmented on the coronal slices. The segmentation process started on the most anterior coronal slice, on which the temporal lobe was seen conjoint with the main brain parenchyma. Segmentation continued to the end of the ramus horizontalis of the Sylvian fissure.
The segmentation of the superior temporal gyrus followed the method established by Hirayasu et al. (1998) . The inferior frontal and the orbito-frontal sulci were traced using axial and coronal slices following guidelines established and validated by the LONI group (Thompson et al., 1997; Narr et al., 2001) . Cuneus, lingula and the calcarine fissure of the occipital lobe were segmented on the four most mid-sagittal slices.
Statistical analyses and validation
All measurements of diameters and angles collected to evaluate the skull shape, tissue volumes, parcellation results and the location of deep brain structures were tested for group differences using analysis of covariance (ANCOVA, probability level, twotailed: p < 0.05) with SPSS (SPSS Inc., Chicago, IL, Version 11.5.1). Model testing was carried out with total ICC and PMA at scan as covariates as well as 2-way interactions between the tested parameter and the covariates. Models with PMA as covariate showed highest significance. The data were tested to ensure that no data assumptions were violated, especially the assumption of the homogeneity of variances and covariate regression coefficients. No evidence for heterogeneity was found. A general linear model implementation of ANCOVA was chosen that uses a Type III method to compute the sum of squares, which is invariant with respect to unequal samples.
A multivariate non-parametric test for two samples of vectors or matrices, called Cramér test, was applied to compare the distribution of manually outlined cortical structures across parcels between the two populations (Franz, 2000; Baringhaus and Franz, 2004 ). An implementation of the Cramér test in R (Franz, 2006; R Development Core Team, 2006) was used for statistical analysis. For each segmented gyrus or sulcus, the numbers of voxels of a segmented structure present in a parcel were computed. A probability distribution was then constructed for each case, representing the probability of a segmented voxel to belong to a certain parcel. The Cramér test was then applied to compare the probability distributions between preterm and fullterm infants. The confidence level was set to be 0.95; an exponential kernel function (Bahr, 1996) and a permutation Monte-Carlo-Bootstrap method were chosen to estimate the critical value.
The false discovery rate (FDR) by Benjamini and Hochberg (1995) was calculated to control the probability of the family-wise error rate (Hochberg and Tamhane, 1987) . For each of the five aims of this project, the number of hypotheses was counted separately before applying the FDR method.
The validity and reliability of the methods that were used to achieve the cephalometric measurements and the manual segmentations of cortical structures have been previously established in adult data. In addition, the intra-observer variability was established on the neonate data used in the current study. For this purpose, the same observer, who performed all other measurements in this study, measured angle ε, angle δ, the length of the CC and the distance from the AC-PC line to the vertex (Fig. 1) five times in five randomly selected subjects. The central sulcus was segmented five times in three different subjects by the same observer. As the position and dispersion of the cortical structures across parcels rather than the volume were of interest in this study, the repeated segmentations of the central sulcus were used to compute the number of segmented voxels that belonged to either the central or the occipital parcel. The ratio of the number of voxels of the central sulcus present in the central to the occipital parcel was then computed for each case and each repetition. The coefficient of variation of the repeated cephalometric measurements and the ratios achieved from the central sulcus segmentations were computed to evaluate the variability of the applied method.
Results
Validation
Repeated measurements of two distances, the CC length and the diameter of the superior ICC, as well as two angles, the angle ε and angle δ were analyzed for the intra-observer variability. The mean coefficient of variation was 0.99% for the two distances and 3.6% for the two angles. The ratio of the distribution of repeated segmentations of the central sulcus over the central and occipital parcel was analyzed for the intra-observer variability as well. The mean coefficient of variation was 4.1% for the dispersion ratio. With the coefficient of the repeated measurements and segmentations being considerably lower than 10%, the methods used in this study showed good intra-observer reliability.
Measurement of skull shape differences
The occipito-frontal diameter of the skull, the CPAR and the vertical calvarial diameter were significantly larger in preterm infants ( Table 1 ). The bi-temporal diameter of the skull and the CPAR was significantly smaller in preterm infants. Consistent with these findings, the cephalic index was dolichocephalic, under 75, in preterm infants and mesocephalic, above 75, in fullterm infants (Table 1) . Visual inspection of the registered preterm scans also showed a smaller bi-temporal diameter of the skull with regard to its length, as well as a rounder and higher shape of the frontal skull than in fullterm infants (Fig. 2) . Permutation testing of the alignment matrices revealed a significantly larger scaling factor in the x direction in preterm infants (p = 0.0115) and significantly different shearing parameter in the xy (p = 0.0139) and the xz (p = 0.0149) direction (Fig. 2) . The posterior cranial fossa angle and the angulation of the brainstem were significantly smaller in preterm infants (Table 1) indicating a flattening of the posterior fossa simultaneously to the elongation of the skull. All measurements were analyzed for differences between preterm (n = 24) and fullterm infants (n = 20) using ANCOVA. Results are given as mean ± standard deviation. p-values are considered significant when printed in bold. DM = Diameters (unit: millimeter); AN = angles (unit: degree). Fig. 2 . Mean skull shapes after population registration. Images A1 and A2 show the scans of all preterm and fullterm infants added up after pre-alignment to the Talairach coordinates. The results of the population registration of all preterm scans are shown in image B1 and B2, and the result for congealing all fullterm infants is displayed in image C1 and C2. The upper row displays mid-axial slices; the lower row shows mid-sagittal slices. Note the differences in head shape between B and C: head breadth is increased and head length is decreased in fullterm infants (images B1 and C1). The forehead is flat in fullterm infants (C2) and round in preterm infants (B2). The resulting registration matrices were investigated for scaling and shearing differences in x, y and z direction (yellow marks in A1 and A2).
Comparison of ICC and brain tissue volumes derived by automatic tissue classification
The volumes of the ICC (preterm: 494.6 ± 59.2 ml; fullterm: 475.8 ± 53.5 ml; p = 0.15), CPAR (preterm: 434.1 ± 41.0 ml; fullterm: 429.4 ± 41.0 ml; p = 0.63) and CSF (preterm: 59.7 ± 28.7 ml; fullterm: 45.3 ± 27.8 ml; p = 0.11) were not significantly different between preterm and fullterm infants. Similar, the total volume of the CGM (preterm: 173.8 ± 28.6 ml; preterm: 163.5 ± 24.7 ml; p = 0.17), the SGM (preterm: 19.3 ± 5.3 ml; fullterm: 19.2 ± 4.3 ml; p = 0.94), the UMWM (preterm: 206.8 ± 25.3 ml; fullterm: 210.9 ± 28.2 ml; p = 0.34) and the CER (preterm: 26.9 ± 3.8 ml; fullterm: 26.0 ± 3.9 ml; p = 0.47) were not different between the two groups. Only the volume of the MWM (preterm: 7.3 ± 1.9 ml; fullterm: 9.7 ± 2.7 ml; p = 0.0006) was significantly decreased in preterm infants. Around 42 weeks PMA, the time point of the scan, myelination is still in an early stage of development; MWM presented only 1.7% of the total CPAR. The locations of myelination were appropriate for the infants' PMA with most of the MWM being in the brainstem, the inferior colliculi and the internal capsule. The volume of the total white matter as the sum of UMWM and MWM was not significantly different between the two groups.
Determination of position and size of Talairach landmarks
It was first investigated whether the position of the deep landmarks with respect to one another was changed and whether the appearance of the CC itself was altered. No significant differences between preterm and fullterm infants were found concerning the length of the CC, the distance from the CC to the AC, which corresponds to the diameter of the precentral region in the parcellation scheme, and the distance from the AC to the PC, which corresponds to the diameter of central region. Also, the angles describing the shape of the CC were not significantly different between the two groups (Table 2) . Second, it was investigated whether the internal landmarks were consistently positioned inside the ICC with regard to the skull base. It was found that the distances measured from the AC-PC line to the dorsum sellae and the opisthion as well as the angle of the anterior cranial fossa did not differ significantly between the two groups (Table 2) . Finally, the distances from AC and PC to the calvarium were investigated. It was found that the distances from the AC-PC line to the cranial vertex, from the AC to the frontal border of the ICC, and from the PC to the occipital border of the ICC were significantly larger in the preterm infants ( Table 2) .
Comparison of parcellation results
The volume of the superior ICC and the volume and surface of the frontal region were significantly larger in the preterm infants (Table 3 ). Subsequent analysis of the inferior and superior frontal region showed that the increase in volume and surface was confined to the superior frontal region (Table 3 ). The volume of the superior frontal region was increased by 35% and the surface by 15% in the preterm infants.
Investigation of the dispersion of cortical structures across parcel borders
The dispersion of the cortical structures across parcel borders was investigate to analyze positional differences between preterm and fullterm infants. When comparing the location of segmented Diameters, distances, lengths (unit: millimeter) and angles (unit: degree) were analyzed for differences between preterm (n = 24) and fullterm infants (n = 20) using ANCOVA. Results are given as mean ± standard deviation. p-values are considered significant when printed in bold. CC = corpus callosum; AC = anterior commissure; PC = posterior commissure, ICC = intra-cranial cavity. 62.4 ± 6.4 61.9 ± 7.1 0.7460 Volumes (unit: milliliter) and surfaces (unit: centimeter squared) were analyzed for differences between preterm (n = 24) and fullterm infants (n = 20) using ANCOVA. Results are given as mean ± standard deviation. p-values are considered significant when printed in bold. ICC = intra-cranial cavity.
gyri with respect to the parcellation borders, cortical structures segmented in a certain lobe were spread about up to six different parcels (Table 4) . For example, the segmented Sylvian fissure was found in the superior and inferior precentral and central parcels as well as in the superior occipital parcel (Fig. 3) . Of all cortical structures segmented in the current study, the Cramér test results showed significantly different distributions across parcels between the two groups for the Sylvian fissure, the superior temporal gyrus and the precentral sulcus (Table 4, Fig. 3 ).
Discussion
During infancy, the growing skull and the developing brain interact with each other and eventually achieve the adult shape and size of the head and brain. Brain injury may interfere with skull growth (Hack et al., 1991) and skull growth that diverges from its normal trajectory may lead to a dysmorphology of the brain (Aldridge et al., 2002) . The preterm infants in this study demonstrated an occipito-frontal and inferior-superior elongation and a temporal narrowing of the skull together with a flattening of the occipital skull base. These preterm infants were healthy with minimal perinatal or postnatal risk factors and no evidence of brain injury or craniosynostosis. In addition, there was no loss of brain tissue identified, which could have accounted for shape differences. Therefore, the head deformation was best defined as non-synostotic dolichocephaly, a form of positional molding that appears to results from external pressure on the immature skull bone after premature birth.
As a result of such skull deformation, the AC, PC and the CC appeared to be placed at greater distance from the anterior, Statistical analysis for the probability of a cortical structure to be present in a certain parcel was conducted using the Cramér Test. The differences in the distribution of a segmented structure between preterm (n = 24) and fullterm infants (n = 20) were tested. p-values are considered significant when printed in bold. FRO = frontal parcel; PRE = precentral parcel; CEN = central parcel; OCC = occipital parcel. Fig. 3 . 3D models of segmented gyri and sulci in relation to parcel borders. The upper row shows 3D models of the superior frontal sulcus (yellow), the precentral sulcus (red) and the central sulcus (blue) inside a model of the ICC. The sulci segmentations are overlaid by transparent models of the superior precentral parcel (bright blue) and the superior central parcel (rose). An axial SPGR slide with an outline of the parcellation is also to be seen. Image 1 displays a preterm infant' segmentation, image 2 displays a fullterm case. Two representative cases were chosen to visualize how the precentral sulcus is almost entirely shifted into the central region in preterm infants. The lower row shows 3D models of the superior temporal gyrus (red) and the Sylvian fissure (yellow) overlaid by 3D models of the superior and inferior precentral (a), central (b) and occipital parcels (c). Image 3 displays a preterm case, image 4 a fullterm case. Note how in the preterm infant the superior temporal gyrus and the Sylvian fissure are shifted downwards and show a flat orientation with regard to the parcellation in comparison to the fullterm infant.
superior and posterior calvarium. It was hypothesized that the elongation of the skull would affect the internal commissures, and therefore an increase of the AC-PC distance was expected that would have also affected the length and curvature of the CC, given that there is an interaction between position and shape of these structures (Prakash and Nowinski, 2006) . Instead, it was found that the positions of the AC, PC and CC relative to each other were in fact consistent as was their position in relation to the skull base. There are several possible explanations why the AC, PC and CC may not have been affected by the skull change in the current study. First, it has to be considered that these structures may be stabilized in their position due to their close vicinity to the brainstem, the visual tract and the sella turcica, which are anchored to the skull base. Second, the telencephalon may shelter the deep brain structures from the external pressure on the skull. Third, the shape of the commissures, which appear early in brain development, is already well defined by the time of preterm birth (Hewitt, 1962; Rakic and Yakovlev, 1968; Katz et al., 1983) . In contrast, the cortex, which still undergoes rapid and profound shape and volume changes after premature birth, especially with regard to cortical folding and growth of axonal connectivity, might be more prone to deformation due to external influences such as pressure. The study's results indicated a shift of cortical structures with respect to the position of the commissures in preterm infants in comparison to fullterm infants studied at the same post-menstrual age. This suggests that the external pressure on the skull does not affect the entire brain and that only parts of the brain closely related to the skull change their shape and position. A similar effect has been found in the case of infants with cranial synostosis, where depending on the extent of the involved suture, brain dysmorphology was unilateral, but in contrast to the results from the current study, also involved displacement of the deep lying brain structures (Aldridge et al., 2005) . The data presented in the current study suggest that the impact of an external force influencing the brain morphology is different from the effect of the endogenous cause for cranial synostosis, which from early on continuously influences the skull-brain interaction thus yielding the typical cranial synostotic phenotype (Aldridge et al., 2005; Richtsmeier et al., 2006) . The mode of brain deformation in dolichocephaly, in contrast, appears more similar to the tissue displacement described in brain tumors, where mechanical pressure affects the brain regions adjacent to the tumor (Parker and Ongley, 1981; Gordon et al., 2003; Clatz et al., 2005) .
When a parcellation scheme is used to investigate regional brain appearance in preterm infants, an over-or underestimation of parcel size due to a systematic error might erroneously indicate decreased tissue volumes, possibly interpreted as brain injury or obscure decreased tissue volumes mimicking normal brain development. After applying a Talairach parcellation scheme to all scans, it was found that the frontal and the superior region were enlarged in the preterm infants. These results must be interpreted in the context of the findings that the total CPAR and ICC were not increased in the preterm infants and that the landmarks used for the parcellation were found to be displaced only in relation to the skull, but not with regard to each other. As a result of the dolichocephalic shape changes, the diameter of the frontal region and the superior ICC was increased in preterm infants as well, while the diameters of the precentral and central region, closely related to the position of the AC and PC, were not different between the groups. Thus, it must be concluded that the enlargement of the frontal and the superior ICC is an effect of the head shape differences and not a sign of brain developmental differences.
It might be proposed that although the preterm skull is shaped differently, the borders of the parcellation might be shifted in proportion to the skull elongation and narrowing, so that the regional anatomical borders move as well, such that the parcels might still contain comparable anatomical regions. In contrast, a shift of cortical structures was identified that led to inconsistent parcel contents. The results as discussed above indicate that the reliability of a Talairach parcellation scheme, applied with the goal to compare the similarity of brain regions between infant populations, is compromised if the populations under investigation display significantly different head shapes. In recent years, the "Back to Sleep" guidelines of the American Academy of Pediatrics for the prevention of Sudden Infant Death Syndrome (SIDS) have been implemented extensively (American Academy of Pediatrics, 2005; Moon et al., 2004) . While successful in decreasing SIDS, an increasing percentage of plagiocephaly and flattened skulls have been reported as a result of the supine sleep position encouraged by this program (Argenta et al., 1996; Hutchison et al., 2003 Hutchison et al., , 2004 Hummel and Fortado, 2005) . These specific skull alterations and their possible influence on parcellation techniques must be considered in future attempts to analyze regional brain volumes in preterm and fullterm infants.
Although a Talairach parcellation scheme as the one used in this study yields reliable results if the populations under investigation have comparable head shapes, it is ultimately desirable to apply parcellation techniques that yield anatomically consistent regions despite morphological differences in skull and brain shapes. Such a parcellation scheme might for example consider either white matter compartments (Meyer et al., 1999) or cortical landmarks (Ballmaier et al., 2004; Fischl et al., 2004) . In an automatic approach this might only be feasible if different age-dependent atlases were provided, considering the fundamental changes in the gyral patterns in preterm infants from 30 weeks PMA to 3 years of age. In this context, one must carefully evaluate which gyral landmarks are established early enough in cortical development to allow their reliable identification throughout different stages of gyrification. For example, the medium and inferior temporal sulci appear around 34 weeks PMA (Abe et al., 2003) and are therefore not defined at an age where MR scans of preterm infants may be analyzed. Recent approaches have investigated the feasibility of DTI parcellation in adults (Klein et al., 2007) . This approach might be considered for preterm imaging as well since it yields a parcellation scheme that defines regions by their functional dependency and is therefore independent of cortical landmarks.
The segmented regions and landmarks selected in the current study, uniquely identified the internal and cortical anatomical structures, whose position and shape have been investigated. They are developmentally stable and appear early during brain growth and could reliably be identified in each subject. In addition, the internal landmarks were also critically related to the parcellation method discussed here. Nevertheless, in the current study only a limited number of cortical and subcortical structures were investigated. It is thus not possible to conclude whether the skull deformation affected other parts of the brain, and if so, how those parts were related to the site of the skull deformation. Different methods, for example, a morphometric approach may be considered for future investigations of shape and position of the entire cortex and subcortical structures. Morphometric methods differ from interactive landmark selection by the identification of characteristic correspondence based on all of the imaging data and require a registration of all data into a common space. Recently deformationbased morphometry has been used to investigate shape differences (Ashburner et al., 1998; Gaser et al., 1999) and has been applied successfully to investigate volume differences in preterm infants (Boardman et al., 2006) by analyzing local differences in the resulting deformation fields after image alignment. Such a method may be deployed in future projects as an exploratory and nonsubjective approach for the investigation of local shape and positional variations of the neonate brain. A careful evaluation of adequate filter and registration parameter settings as well as an evaluation of statistical analyses sufficient to establish statistical significance is critical in such an approach.
It would also be valuable to investigate differences in the sulcal or gyral patterns and complexities besides positional displacements. Asymmetry of the brain has been measured by computing sulcal complexity, sulcus or gyral length as well as number and variability of spatial coordinates in order to investigate gender effects, hemisphere asymmetries and pathogenesis of schizophrenia (Juch et al., 2005; Blanton et al., 2001; Narr et al., 2001) . For these observations, genetic determination of sulcal development, neuronal plasticity, myelination and synaptic remodeling have been discussed as possible underlying mechanisms and explanations without taking into account the influences of possible extraneous factors on the morphology of the brain.
In this study, the influence of non-synostotic dolichocephaly on the morphology of subcortical and cortical brain structures was investigated in a group of preterm infants appropriate for gestational age and without brain injury. The results indicate that a shape change of the brain parenchyma affects the superficial areas in close relationship to the skull causing a displacement of cortical structures. A landmark-based parcellation approach showed inconsistent anatomical parcel contents due to the combination of cortical shifting in the presence of unaltered morphology of subcortical brain structures. It is proposed that external pressure on the immature skull leads to a mechanically influenced change in cortical morphology that needs to be considered in regional analyses of the developing brain.
